BACKGROUND
In the US, chronic kidney disease (CKD) affects 14% of the population, 1,2 including approximately 660,000 patients with end-stage renal disease (ESRD) who are dialysis-dependent. 2 Renal hyperparathyroidism (rHPT) is a common complication of CKD characterized by derangements in the homeostasis of calcium, phosphorus, and vitamin D. 3 rHPT is associated with increased cardiovascular morbidity and mortality [4] [5] [6] [7] [8] and has a significant economic burden on the US health care system. 9 rHPT is classically broken into 2 types on the basis of the patient's serum calcium level. Secondary hyperparathyroidism (2° HPT) is the elevation of parathyroid hormone (PTH) in response to hypocalcemia induced by phosphate retention and reduced calcitriol synthesis as a consequence of reduced renal function. 10 In 2° HPT, all the parathyroid glands become enlarged owing to parathyroid hyperplasia. Because 2° HPT is a compensatory mechanism of the parathyroid glands, it commonly resolves with normalization of calcium and phosphorus homeostasis (eg, renal transplantation). Tertiary hyperparathyroidism (3° HPT) is seen when a patient with longstanding 2° HPT develops autonomous PTH secretion, often associated with hypercalcemia. This is observed in up to 30% of patients with ESRD, who then undergo renal transplant.
11 3° HPT is classically thought to have come from parathyroid hyperplasia, but some studies have suggested that up to 20% of patients may have single or double adenomas. 11, 12 Since the 1990s, improving medical management with vitamin D analogs, phosphate binders, and calcimimetic drugs has expanded the treatment options for patients with rHPT, but parathyroidectomy remains necessary for many patients.
NORMAL CALCIUM AND PHOSPHORUS HOMEOSTASIS
Calcium and phosphorus homeostasis is maintained through a complex relationship between the bones, intestine, kidneys, and parathyroid glands. PTH is probably the most important regulator of calcium metabolism and functions primarily via 3 mechanisms: 1. PTH is thought to stimulate PTH receptors mainly on osteoblasts, which then, through multiple cell-to-cell mechanisms, stimulate osteoclast formation and bone resorption, leading to increased serum calcium and phosphorus levels. Recently, there has been much interest in the role of fibroblast growth factor 23 (FGF-23), a protein secreted by bone in response to hyperphosphatemia, which functions primarily in maintaining phosphorus homeostasis. FGF-23 stimulates phosphorus excretion in the kidney mainly through reduced action of sodium-phosphate co-transporter in the proximal tubule. It also decreases 1-α-hydroxylase activity, leading to reduced 1,25-OH vitamin D levels. 14, 15 In CKD, FGF-23 levels progressively rise and are initially thought to be beneficial, given the phosphaturic effects. However, increasing FGF levels are also associated with increased cardiovascular mortality in patients with CKD.
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PATHOGENESIS
The pathogenesis of rHPT is complex and incompletely understood ( Figure 1 ). An increase in PTH levels typically develops when the glomerular filtration rate (GFR) drops below 60 mL/min/1.73 m 2 . Abnormalities in serum levels of phosphorus and calcium tend to occur much later in the course of CKD (typically when the GFR drops below 40 mL/min/1.73 m 2 ). 17 Initially, the elevated PTH levels serve to increase renal phosphorus excretion. However, as the GFR declines further, serum phosphorus levels start to rise and induce hypocalcemia by binding bioavailable calcium as CaHPO 4 , which indirectly leads to a further rise in PTH production. CKD also leads to decreased activity of 1-α-hydroxylase, thereby decreasing 1,25-OH vitamin D. A lack of 1,25-OH vitamin D inhibits gastrointestinal absorption of calcium and also directly stimulates the parathyroid glands.
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In CKD, chronic stimulation of the parathyroid glands triggers diffuse polyclonal hyperplasia. As the chronic stimulation of CKD continues, the parathyroids begin to develop monoclonal nodules within a background of parathyroid hyperplasia. These nodules demonstrate increased resistance to vitamin D and calcimimetic medications and may be the etiology of the loss of negative feedback seen in 3° HPT. 18, 19 
CLINICAL MANIFESTATIONS
The two most important sequelae of rHPT are 1) renal osteodystrophy and 2) cardiovascular disease. Recognizing that the bone and cardiovascular complications seen in CKD are manifestations of a broader interrelated syndrome, the National Kidney Foundation initiated the term "CKD-mineral and bone disorder" to describe the complex pathophysiology of the calcium, phosphorus, and PTH derangements seen in CKD. The paradigm of "think beyond the bones" is emphasized to bring early attention to the complications of rHPT in an attempt to improve morbidity and mortality. 20 Renal osteodystrophy refers to a group of bone disorders caused by dysregulation of mineral metabolism in CKD, including osteomalacia, adynamic bone disease, and osteitis fibrosa cystica. Osteomalacia is a state of low bone turnover leading to poor mineralization. Adynamic bone disease is also a low-turnover pathology with normal mineralization that probably results from a low PTH state. The incidence of adynamic bone disease increasing is likely secondary to PTH oversuppression from vitamin D agents, calcimimetics, and phosphate binders. 14, 21 Osteitis fibrosis cystica is a high-turnover bone disease that stems from elevated PTH concentrations stimulating osteoclast activity, bone breakdown, and resorption. This can lead to subsequent bone pain and fractures. 22 With longstanding bone resorption, patients may develop localized regions of bone loss that are then replaced by fibrous tissue, resulting in a brown tumor. These "tumors" appear as welldefined, lytic lesions on radiograph and may be mistaken for metastasis ( Figure 2 ).
The derangements in calcium and phosphate that result from rHPT may accelerate vascular calcification, including coronary artery calcification. Calcification of the cardiovascular tissue can affect the myocardium, atrial-ventricular conduction, and valvular function. 23 Furthermore, coronary calcification may put patients at an increased risk of cardiovascular events and death. 24 It is difficult to distinguish the unique detrimental effects of rHPT from those of hyperphosphatemia, which is also associated with cardiovascular disease in patients with CKD. Some studies have suggested that FGF-23 may induce arterial smooth muscle myocytes to change into osteoblast-like cells that lead to vascular calcification. 17 Moderate to severe hyperparathyroidism (PTH concentrations ≥ 600 pg/mL) may increase risk of cardiovascular death, 7 though the causality of this association is debatable.
There is an association between CKD and medial calcification in the arterioles of the skin and soft tissue leading to vascular compromise and ulceration. This constellation of complications was formerly called calciphylaxis but is now termed calcific uremic arteriolopathy, and it is associated with an eight-fold increase in mortality rate. 25 Tumoral calcinosis is an uncommon complication of longstanding rHPT and is classically associated with high serum levels of calcium and phosphorus. In tumoral calcinosis, the patient can develop soft-tissue calcium deposits that can appear to be soft-tissue malignant tumors on imaging studies (Figure 3 ). 
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DIAGNOSIS AND MANAGEMENT
The Kidney Disease: Improving Global Outcomes work group recommends screening and management of rHPT be initiated for all patients with CKD stage 3 (estimated GFR < 60 mL/min). The frequency of monitoring for serum calcium, phosphorus, and PTH are listed in Table 1 . 27 The initial management of rHPT follows a stepwise approach with the goal of optimizing serum phosphorus and calcium levels through a combination of a low phosphorus diet, phosphate binders, vitamin D derivatives, and calcimimetic medications.
Low Phosphorus Diet
A low phosphorus diet is recommended for patients with CKD and 2° HPT with hyperphosphatemia. 27 Dietary restriction of phosphorus in patients without elevated levels of phosphorus, but with elevated PTH levels only, is controversial. Unfortunately, this is very difficult given the high prevalence of phosphorus in Western diets. Dietary phosphorus comes from 2 sources: 1) protein-rich food groups such as meat and milk; and 2) phosphorus additives, which are used to process meats and cheeses. Phosphorus used as an additive is often only implied in the ingredients list, and not individually reported on the food label. Therefore, the true amount of phosphorus contained in a product may be underestimated.
14 Patient education regarding this distinction may help them avoid phosphorous-rich foods.
The National Kidney Foundation previously recommended that patients with CKD restrict dietary phosphorus to 800 to 1000 mg/day. However, it should be noted that there is a paucity of good quality data regarding dietary phosphorus restriction and outcomes in CKD.
Phosphate Binders
Because of the difficulty in maintaining a low phosphorus diet, phosphate binders are usually an essential part of medical therapy for patients with CKD. Phosphate binders have been shown to decrease serum phosphorous and PTH levels. 28 Isakova et al 29 reported that treatment with phosphorus binders was independently associated with decreased mortality when compared with no treatment.
Several phosphate binders are available, including aluminum hydroxide, calcium salts, sevelamer hydrochloride, sevelamer carbonate, and lanthanum carbonate. In general, aluminum hydroxide should be limited to a short period because of the risk of aluminum toxicity. Newer agents such as lanthanum have unknown long-term effects of bone deposition. Iron-based binders such as sucroferric oxyhydroxide are also available to lower serum phosphorous. The Kidney Disease Outcomes Quality Initiative recommends for patients with CKD stages 3 and 4, that phosphate binders be used if phosphorus levels cannot be controlled within the target range despite dietary phosphorus restriction. In patients who remain hyperphosphatemic despite initiation of a single phosphate binder, combination therapy can be used. 23 It is interesting to note that lanthanum, being a heavy metal, commonly shows up as radiopaque in noncontrast radiologic studies of the gastrointestinal tract.
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Vitamin D Analogs
As described above, 1,25-OH vitamin D deficiency is a major mechanism of rHPT, and vitamin D replacement has been shown to effectively suppress PTH secretion. [31] [32] [33] [34] Several forms of vitamin D are available, including ergocalciferol (which requires activation in the kidney to 1,25-OH vitamin D), as well as activated forms such as calcitriol, paricalcitol, and doxercalciferol. Although observational studies have suggested improved survival in patients treated with vitamin D analogs, a 2007 metaanalysis showed no difference in mortality, bone pain, vascular disease, or rate of parathyroidectomy when comparing patients on vitamin D analogs versus those not taking vitamin D. 14, 35 The Kidney Disease: Improving Global Outcomes work group recommends that in patients with CKD stages 3 to 5 (not on dialysis), attempts to control hyperphosphatemia, hypocalcemia, 
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Cinacalcet HCL is a calcimimetic agent that exhibits allosteric modulation of the calcium receptor on the parathyroid gland, increasing sensitivity to extracellular calcium and thereby suppressing PTH secretion. 36 The effectiveness of cinacalcet in lowering PTH concentrations in ESRD patients has been demonstrated in multiple studies. Combined analysis of these studies showed that cinacalcet decreases rates of parathyroidectomy, fractures, and cardiovascular hospitalization. Patients receiving cinacalcet treatment rather than placebo also have improvements in selfreported physical function and less bodily pain. 37 In 2012, the Evaluation of Cinacalcet Hydrochloride Therapy to Lower Cardiovascular Events Trial randomized patients with ESRD and moderate to severe rHPT to cinacalcet or placebo and found that cinacalcet did not significantly reduce overall or cardiovascular mortality. 38 A recent Cochrane review corroborated these findings but did find that patients taking cinacalcet had a significant increase in the rate of nausea, vomiting, and hypocalcemia, suggesting that the potential risks associated with cinacalcet use in ESRD patients may outweigh the benefits. 39 These clinical uncertainties further bring into question the costs of cinacalcet treatment. Currently the US spends $260 million annually on cinacalcet, accounting for the largest single drug cost in dialysis patients. 40 Despite maximal medical interventions, surgical parathyroidectomy is still required for many patients. 41 
Indications for Surgical Treatment
As stated in the Clinical Practice Guidelines for Bone Metabolism and Disease in Chronic Kidney Disease, published in 2003 by the Kidney Disease Outcomes Quality Initiative, the indications for parathyroidectomy are not well defined. High-quality studies are currently lacking to evaluate which patients might benefit from parathyroidectomy. In lieu of such data, the National Kidney Foundation recommends that the criteria in the Sidebar: Indications for Consideration for Parathyroidectomy be used to merit referral to an experienced surgeon for evaluation. 42 The three most common surgical procedures used in the treatment of rHPT are total parathyroidectomy (TPX) alone, TPX with auto-transplantation, and subtotal parathyroidectomy. 21 Each of these procedures may be accompanied by a bilateral cervical thymectomy to minimize the risk of recurrence. 43 TPX involves identification and removal of all parathyroid glands. This operation may be associated with the lowest rate of recurrent hyperparathyroidism. 44 The clear disadvantage of TPX is permanent hypoparathyroidism, and patients undergoing TPX require lifelong calcium and vitamin D replacement. In TPX with autotransplantation, all 4 glands are removed, followed by autologous reimplantation of 20 mg to 70 mg of the most normal-appearing gland into the sternocleidomastoid muscle, pectoralis major muscle, or forearm brachioradialis muscle. This implant typically takes 3 to 4 weeks to revascularize and resume function. The advantage of removal and reimplantation of parathyroid tissue into an ectopic site is ease of access in the event of recurrence and reoperation. This avoids the morbidity associated with re-exploration of the neck. Subtotal parathyroidectomy entails removal of 3½ parathyroid glands, leaving the remaining partial gland intact in its original anatomic location. Subtotal parathyroidectomy has the advantage of minimizing the period of postoperative hypoparathyroidism and therefore likely shortens a patient's hospital course, but it requires reoperation in the neck in the event of a recurrence. This may be associated with an increased risk of injury to the recurrent laryngeal nerve. All 3 operations are accepted surgical treatment options for rHPT, and each is associated with specific advantages and disadvantages. 45 Successful parathyroidectomy can dramatically improve symptoms, including bone pain, arthralgia, muscle weakness, and psychological disturbances. 45, 46 Biopsy-proven changes in trabecular bone mineral content and accelerated bone formation have been demonstrated within 1 week after surgery. 47 Parathyroidectomy is associated with a 30-day postoperative mortality of 3.1% throughout the US. 48 Other risks of surgery include recurrent laryngeal nerve injury (< 2%) and hematoma requiring re-exploration (< 1 %).
Several studies have suggested a survival benefit from parathyroidectomy in the treatment of rHPT, including significant reductions in the incidence of major cardiovascular events and all-cause mortality. 49, 50 Long-term relative risks of death are reduced by 10% to 15%, and long-term survival is improved compared with those not undergoing surgery. 50 Parathyroidectomy is effective in improving hemoglobin levels for ESRD-associated anemia, 51 and it has beneficial effects on the immune system and overall nutrition. 52 Parathyroidectomy has also been shown to be more cost-effective than cinacalcet in nearly all dialysis patient subgroups, with the exception of those with high operative mortality risk, patients remaining on dialysis for less than 7 months, and/or individuals expecting kidney transplant quickly.
Indications for Consideration for Parathyroidectomy
Medical management of rHPT > 6 months with Hypercalcemia or hyperphosphatemia PTH > 800 pg/mL Calciphylaxis with documented elevated PTH levels Osteoporosis (T-score > 2.5 SD below mean), pathologic bone fracture Symptoms/signs Pruritus Bone pain Severe vascular calcifications Myopathy PTH = parathyroid hormone; rHPT = renal hyperparathyroidism, SD = standard deviation.
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CONCLUSION
rHPT is a common complication of CKD that stems from hypocalcemia, reduced bioactivity of vitamin D, and elevated levels of FGF-23. rHPT leads to a host of bone and cardiovascular problems that ultimately can cause fractures, decreased quality of life, and an increased risk of death. A range of nonsurgical options are available, including initiating a low phosphorus diet, phosphate binders, vitamin D analogs, and calcimimetic agents, but unfortunately the data on the efficacy of these treatments at improving overall and cardiovascular mortality are mixed. Some patients require parathyroidectomy, which may improve symptoms and reduce cardiovascular and overall mortality, but it carries the expected risks of surgery. v
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